Application of Ni-Mn-Ga magnetic shape memory alloys in magnetic-field-induced actuation relies on their performance in long-term high-cycle fatigue. In this paper the performance and changes in the microstructure of a Ni-Mn-Ga 10M martensite single crystal material are reported in a long-term mechanically induced shape change cycling. The longest test was run for 2 × 10 9 cycles at a frequency of 250 Hz and a strain amplitude of ±1%. After the test a clear increase of the dynamic stiffness of the material was detected. Three specimens out of ten were cycled until fracture occurred and their fracture mechanism was studied. It was observed that the macroscopic crack growth took place roughly at a 45
Introduction
Ni-Mn-Ga magnetic shape memory (MSM) alloys are potential actuator materials for many applications due to high strains in actuation and rapid response to applied magnetic field. The 10M (also called 5M) five-layered tetragonal martensite Ni-Mn-Ga alloys are suitable for the MSM use as they can be actuated by moderate magnetic fields in the martensitic state [1] [2] [3] . The actuation results from magneticfield-induced twin variant structure change in which the short crystallographic axis (c) and the long one (a) of the martensite close-to-tetragonal crystal lattice change their places, i.e. one twin variant changes or reorients to another [1, 3] . This shape change can be obtained also by external mechanical stress.
As the application of these materials in actuation is based on the long-term shape change cycling, it is crucial to know the influence of cycling on the performance and microstructure of the material. Magneto-mechanical cycling tests have been carried out for seven-layered 14M materials (also called 7M) [4, 5] , and also some data exists of the 10M materials [6] [7] [8] . These studies have shown that cycling generally decreases the obtainable magnetic-fieldinduced strain (MFIS) and promotes crack growth. Due to the small number of comparable test samples, a large variation in the MSM fatigue life was observed. The effect of magnetomechanical cycling on the martensitic twin structure has been examined to some extent earlier in [9] . But in order to exclude the influence of the magnetic phenomena on the long-term (up to 10 9 cycles) behavior, the present study is carried out on the 10M material using a purely mechanical, uniaxial tensile/compressive loading. Therefore, the observed alterations are expected to result mainly from the changes in the twin and internal defect structure of the material. The Gibbs free energy function for the detwinning of martensite involves the general mechanical, magnetic and thermal energy contributions [10] . Thus, at a nominally constant temperature, the degree of the reorientation of the twin variants should depend essentially only on the magnitude of the applied mechanical energy.
Considering the evolution of the microstructure in longterm actuation, cracking of the material starts usually in the microscale leading to the macroscopic failure. Cracking behavior of Ni-Mn-Ga has been investigated more detailed in thermal cycling between austenitic and martensitic state, and also after modest actuation in martensitic state induced by a magnetic field [11] . In these studies the fracture plane intersected the front surface, which was parallel with the (100) plane of the austenitic unit cell in an angle of about 48
• -49
• . In a two variant state, the twins can move until the twinning stress exceeds the value of the external stress. The movement of twin boundaries can be conceptualized by the movement of twinning dislocations or by the collective motion of twinning disconnections [12, 13] driven by the applied shear stress [14] . If there is an irregularity, surface scratch which introduces dislocations [15] or some other kind of defect in the structure, it may act as a pinning point for the twin boundary [9] . The angle of shear relative to the direction of the applied stress is determined by the tetragonality and the orientation of the martensite unit cell. Therefore, crack nucleation in a twinned single crystal Ni-Mn-Ga has been proposed to occur due to the local stress generated by the piledup twinning disconnections (containing the combined Burgers vector of both a translational dislocation and a perpendicular step vector) against a blocking boundary, resulting in a formation of a disconnection wall [13] . According to [16] in the twinned Cu-Al alloys void formation occurred in the beginning of mechanical cycling at the internal twin boundaries within the variants resulting later on in cracking of the variant boundaries.
The aim of the present paper is to report the response of the 10M Ni-Mn-Ga material in a long-term mechanical cycling, to determine the microstructural changes of the material during the cycling and to observe the cracking behavior.
Experimental procedures

Sample material characteristics
Ten single crystal stick samples of five-layered 10M martensitic Ni 50.0 Mn 28.3 Ga 21.7 alloy having edges along the 100 directions (given in the parental austenitic structure coordinate system) and size of 1.0 mm × 2.5 mm × 20.1 mm were obtained from AdaptaMat Ltd. The crystal structure and the orientation of the samples were confirmed by the Philips X'Pert Pro MRD using Co Kα radiation. The chemical analyses were made with the Oxford X-strata 960 XRF equipment having an error marginal of ±0.1 wt% in the analysis.
The samples were heat treated and electropolished by the manufacturer. The phase transition temperatures and the Curie point of the material were established with the magnetic susceptibility measurements to be before cycling M s = 315 K, 
Cycling test apparatus, test conditions and characterization
The mechanical cycling test apparatus was specially designed and built for the experiments (figure 1). The control program made with LabView includes the software based (i) cycling signal generation and programmable adjustment of frequency and amplitude, and (ii) displacement limiter in addition to the mechanical safety limiters in the apparatus itself. Program records also a real-time representation of displacement waveform, force wave-form, and averaged stress-, strain-, and twinning stress based on the given amount (e.g., 50) of preceding loops. This real-time averaging of the recorded data is used for noise-reduction at higher frequencies. The twinning stress, which is defined in these experiments as half of the difference of the compressive and tensile stress σ at zero strain of the cycling stress-strain loop ( σ/2 at ε = ε ave ≈ 3%) is calculated online by the program. The control software gives the summary curves of the changes in key parameters: strain as peak-to-peak (%), twinning stress (MPa), and temperature ( o C). Cyclic loops with a high dataacquisition rate were recorded to separate files at adjustable intervals, in order to observe the changes in the hysteresis loop of the cycling. The fatigue tests were mainly conducted by driving the unit with a symmetric sinusoidally varying control current imposing a tensile/compressive stress on the sample. Some tests (MSMF10 after 1.7 × 10 9 cycles and MSMF9) were conducted under constant-strain-amplitude (feedbackcontrol). The sample stick was installed by compressing its ends between the flat grips normal to the loading axis, and the measuring area in the sample between the grips was free of any supporting forces. At the beginning of the test the sample was mechanically settled to a multivariant state (near to 50% variant fractions), and the limiters were adjusted to restrict it from deforming into a single variant, in order to hinder the unnecessary increase of stress and the risk of buckling of the sample. The evolution of peak-to-peak strain, applied stress, and twinning stress data is shown in figure 2 as a function of the number of cycles for the samples MSMF6 and MSMF10. Temperature of the sample was recorded during the tests near the static sample holder. Heating of the sample was studied in a separate experiment and the heating of the sample when strained 2% at 300 Hz was found to be maximally 2 K, in comparison to the temperature of the sample holder. The changes in the ambient temperature (at max. about 5 K) affected more to the first six experiments. For the latter tests (samples MSMF7-10) the apparatus was moved to a room with better environmental control. However, in long-term testing some temperature variation could be still observed. Even though the thermal effect on the twinning stress is quite small, temperature compensation was made to the data using a linear correction [17] . Therefore, the data presented is that normalized to the temperature of 293 K. The major jumps in the curves in figure 2 are either related to the user interruptions of the test to investigate the possible changes of the structure of the sample, or to the sample behavior. After the user interruptions, the tests were continued with the strain level close to the original level in the test.
The surface structure was studied before testing and during it at certain intervals with the polarized optical microscope (Leica DMRX). Scanning electron microscope (SEM LEO 1450) was applied in order to check the surface structure of the sample MSMF10 after 2 × 10 9 cycles, and to study the fracture surface of the sample MSMF9. Energy dispersive spectrometer (EDS) attached to the SEM was used to confirm the chemical composition of the surfaces of the cycled samples. In order to study the effect of cycling on the magnetic behavior of the material, also the magnetic-fieldinduced strain (MFIS) of sample MSMF8 was determined after the test (at 100 × 10 6 cycles). The sample length was measured when a static magnetic field of 1 T was applied transversally and longitudinally to the sample at ambient temperature. The calculated value is an average of three measurements by a digital caliper.
Response of the material to the long-term cycling
Influence of applied strain amplitude and frequencies on the stress-strain loop in the beginning of cycling
The influence of strain amplitude on the cyclic stress behavior of the sample MSMF6 during the initial part of cycling is shown in figures 3(a) and (b) for test frequencies of 20 and 250 Hz as averages of 50 cycling loops. Here, shapes of the loops remain quite similar at different strain amplitudes and frequencies. This is an indication that the dynamic behavior of the material is similar and the test system is functioning in a proper way at the presented strain amplitudes and frequencies.
Twinning stress and straining in the long-term cycling
At the beginning of the tests, the twinning stress of the different samples varied from 0.55 to 0.72 MPa, and the peak-to-peak strains were between 1.75 and 1.85%. During the first 10 7 test cycles the changes in the calculated twinning stress and strain, when cycled at load control, were rather moderate ( figure 2(b) ). The calculated twinning stress increased to the level of 0.8-0.85 MPa after 10 8 -10 9 cycles. However, also the sample stiffness increased, and thus nominal frequencies of the system shifted, too. This higher sample stiffness influenced also the dynamic response of the test device so that the applied strain increased in the load-controlled experiments. The stability of the constant strain-controlled tests was better (figure 4). However, in this case there was also a slight increase in the applied stress amplitude, even though the calculated twinning stress remained relatively constant. The small sharp steps in the measured stress in figure 4 are probably due to the changes in the active twin variant area, and the subsequent increased density of twin boundaries, which is discussed later. The above mentioned increased sample stiffness is also manifested by the differences in shape of the applied stressstrain loops of the material after different numbers of cycles (figure 5). As the cycling proceeds, increasingly larger stresses are needed for producing the strain.
Evolution of the twin structure in the long-term cycling
Since the strains applied (0.5-2.5%) were clearly smaller than the maximum obtainable twin reorientation strain (appr. 6%), only a part of the twin structure was expected to reorient in the tests. Therefore, cycling altered the twin structure only at the specific 'mobile' parts of the sample, where the twin boundaries moved more easily, while they remained immobile in the other regions. During the test the originally quite broad twins in these mobile areas got thinner, while the twin structure in the other places remained the same. This is illustrated in figure 6 . Broad twins still remain in the lower part of the sample after 700 × 10 3 cycles, but after 71 × 10 6 cycles they have split to several thinner twins. Areas of high mobility in the sample are likely those that have the lowest energy needed for moving twin boundaries. During the cycling the broad twins become thinner ( figure 6 ) and the number of the twin boundaries per unit length increases. In this kind of twinned structure the stress needed for twin boundary motion is higher [18] . The critical energy for moving the twins may also increase, if cycling results in other types of obstacles, such as disconnection walls of increasing size or blocking twins, as suggested in [13] . As the stress level for the activation increases, it may exceed the critical values of other areas in the structure and trigger the twin variant movement there. This is observed in the curves for the applied stress as sudden jump-like changes such as the one near 330 × 10 6 cycles in figure 2(b) , and those in the applied stress curve in figure 4 . When new mobile areas became active, the regime of the fine twins spread along the sample, which is nicely demonstrated in the sample MSMF10 after 2 × 10 9 cycles, where the fine twin structure was observed at its entire working length after the fatigue tests. This observation was supported by the result of the magnetic-field-induced strain in sample MSMF8 after 100 × 10 6 cycles. As the measured MFIS value 6.02 ± 0.02% was close to the calculated lattice dependent maximum 6.25%, the entire sample length should be active. However, increase of the critical energy for the twin boundary motion and the activation of the new mobile areas as well as the finer twin structure leads to the growth of the dynamic stiffness of the sample. I.e., the slope of the applied stress-strain curve, which is related to the resistance of the material to the continuous movement of the twin boundaries, increases during the cycling (figure 5).
The evolution of the twin boundaries in long-term cycling of the sample MSMF10 is depicted in the optical micrographs shown in figure 7 . Before cycling, relatively broad twins are visible and the twin boundaries appear very narrow ( figure 7(a) ). After 1 × 10 9 cycles the twin structure is dense with much wider appearing twin boundaries ( figure 7(b) ). As the same sample was studied again after 2 × 10 9 cycles with SEM, microcracks were observed at these locations (figure 8). Small pieces of the material had chipped off due to the microcracking, forming voids ( figure 8(c) ). The rows of the voids and cracks are located along the direction of the twin boundaries or associated with the surface scratches. Especially, the intersections of surface scratches, together joined voids and twin boundaries seemed to be preferential sites for cracking. The dark areas at the twin boundaries seen in the optical study were analyzed with EDS, but they did not contain any detectable contamination. Furthermore, since the wide boundary areas are not visible in the BEI image ( figure 8(b) ), they were determined to be increased surface roughness, detail shown in figure 8(c) . This surface roughness-especially its step-like nature-may be inherited to the cracking as shown in figure 8(d) .
Evolution and influence of the pre-existing cracks in the long-term cycling
In addition to the cracks formed during cycling, there were also some pre-existing cracks and voids in the samples ( figure 9(a) ). They were not located at the twin boundaries, but close to the surface scratches. As the cycling proceeded, cracks were growing in the area where the twin boundaries had been moving. However, cracking during cycling did not always take place at the pre-existing cracks ( figure 9(a) ), but macroscopically it occurred along or at 45
• angle to the twin boundaries or near the surface scratches ( figure 8(b) ). In some cases the pre-cracks acted as the sources for the large crack formation ( figure 9(c) ).
Crack initiation and growth in long-term cycling
After about 10 9 cycles the sample surface contains voids and chipped bridge-like structures across the twins ( figure 10 ). This chipping occurs at the mobile areas of the moving twin boundaries. As the angle between the neighboring twin variants is not exactly 90
• , there exists a zigzag macroscopic surface relief on the multivariant sample.
This zigzag topography is intensified in cycling as the twin boundary motion is partly blocked and the twin density is increased.
Regions were found to chip off from the surface as bridgelike formations. Separate chipped sites were found to form continuous rows ( figure 10(c) ). In several places the 45
• cracks start from the points, where the void related chipping meets the small cracks propagating along the direction of the twin boundary. This is shown in figure 10(d) , where the chipped 'teeth' act as a bottom part for the crack advancing in the 45
• angle in respect to the loading direction. This 'triangle' shape chipping takes place at several places on the surface and while these cracks join together, they form a zigzag ( figure 10(d) ) or V-shaped chips on the surface ( figure 10(b) ).
In the ruptured samples, the final macroscopic crack appeared in about 45
• angle both to the sample surfaces and to the front side twin structure ( figure 11) . The microscopic advance of the cracks seemed to be stepwise, for example arrowhead-like forming of two merging inclined cracks ( figure 12(b) ), as cracking could change its direction and position during the process inside the sample. The directions of the crack steps were uniform and seemed to follow the crystallographic planes. In the microscopic scale, the individual step-cracks could continue long distances, but defects such as voids could change the step direction ( figure 8(d) ).
In the sample MSMF9 ( figure 12 ) altogether three cracks grew across the front of the sample (indicated by arrows in figures 12(c) and (e)) before the final failure. These cracks are located in the same twin variant (dark area in figure 12(b) ) that is supposed to have been a mobile area with a lower twinning stress. As a result of cycling, twin boundaries of the neighboring refined twins ( figure 12(b) ) do not always continue straight from sample side to another. The crack propagated macroscopically in the direction of maximum resolved shear stress. The crack growth area and final rapid fracture area is well separated on the fractured surface ( figure 12(d) ). In the detailed examination, the actual propagation was found to be at angled or step-like planes (figure 12), somewhat resembling cleavage. Comparing the crack micrographs to the orientation XRD measurements, the macroscopic cleavage plane of the cracks seemed to be near the {111} planes of the sample. The crack traces in all the surfaces intersect with edges of sample at about 45
• , which means that the cleavage is following 101 directions (which are twinning shear vectors). Even the final rapid fracture has taken this direction (figures 12(b) and (d) ). The wide steps in the crack growth area are close to {101} twin plane and the step height is following 101 directions. The small necks left in the structure fail in the final stage by rapid cracking in the brittle manner.
Discussion
Based on the long-term uniaxial tension/compression cycling experiments carried out in the present work the experiments that are conducted under the strain control (figure 4) are more stable and free from dynamic fluctuations than those that are carried out under load control (figure 2). Therefore, it is recommended that the high frequency fatigue testing of MSM material in the future carried out under strain control.
The present long-term cycling tests carried out at the ambient temperature with ten samples from the same single crystal with the 10M martensite structure confirmed the preliminary observation [19] that the martensite transformation temperatures and the Curie point of the material were not markedly influenced by cycling. Small variations in the ambient temperature may affect the twinning stress and the induced strain (e.g., [20, 21] ), but their influence was not important in the present experiments. The longest test lasted for 2 × 10 9 cycles and it was stopped without breakage of the sample. During the constant-strain-amplitude controlled test the calculated twinning stress remained nearly the same during the cycling (figure 4). However, the mechanical stiffness of the sample increased clearly after a few tens of millions cycles, resulting in steeper stress-strain-curves ( figure 5 ). This is associated with the increasing twin boundary density (figure 6). In order to keep the thin twin structure mobile during actuation, more work is needed [18] . The resulting higher stress may activate also twin boundaries in the previously immobile variant regions and variants in these areas become also mobile. This is becoming more important when the twinning stress of the material is decreasing.
The magnetic-field-induced strain (MFIS), which remained at the original level (6.0%) after fatigue of 100 × 10 6 cycles indicates that despite of the clearly refined twin structure the whole length of the stick is reorienting, i.e. twin boundaries are mobile allover the stick. Therefore, one can assume that the total triggering energy of the actuation remains clearly below the magnetic-field-induced stress of the material even after cycling. This is the case, when no blocking of the twin occurs. Blocking of twins caused by the surface wear was suggested to exist in the material actuated for 83 × 10 6 cycles in [9] . In that case, the original 5.3% value of MFIS was found to decrease in cycling to 4.3%, which corresponds with the area of the unworn surface. These two MFIS results show that the cycling does not effectively block the twin boundary motion, but any plastic deformation on surface may do it. The pre-existing cracks in the structure may act as the origin of the crack growth, or they may remain unaffected in the cycling. However, they increase the local stress in the structure next to the crack tip. The cracks seem to behave differently depending on the relative direction to the applied stress. This may be associated with other structural defects not visible on the surface.
The mechanical long-term cyclic loading resulted in a clearly refined twin structure (figure 6), which is similar to that observed after the magneto-mechanical testing [9] . The chipping (figure 10) occurs at the mobile areas of the moving twin boundaries. As the angle between the neighboring twin variants is not exactly 90
This zigzag topography is intensified in cycling as the twin boundary motion is partly blocked and the twin density is increased. The increase of the stress field in the blocked area may occur e.g. as a result of the disconnection pile-up formed by dislocations as suggested in [13] . Depending of the extent of the stress concentration this pile-up forms either walls or cracks to relax the stress. This may be the explanation for the voids appearing on the surface and cracks along the twin boundaries that are seen e.g., in figures 8(a) and (b). Also, it would explain why the chipping is formed at voids and surface scratches.
The cycling induced cracking initiates at the twin boundaries. In figure 10(d) , the chipped 'teeth' act as a bottom part for the crack advancing in the 45
• angle towards the loading direction corresponding to the maximum resolved shear stress. This 'triangle' shape chipping takes place at several places on the surface and while these cracks join together, they form a zigzag ( figure 10(d) ) or V-shaped chipouts on the surface ( figure 10(b) ). The loading takes place to [001] . Taking this into account, the inclined angle of the macroscopic cracks at different surfaces would correspond to the {111} plane. However, microscopically the steps at the fracture plane correspond to the {101} twin planes and the height of steps is along 101 direction.
Conclusions
Ten samples of the same single crystal of Ni 50.0 Mn 28.3 Ga 21.7 alloy with the five-layered 10M martensite structure were mechanically cycled in uniaxial tension/compression loading to study their long-term cycling behavior at ambient temperature in a novel specially constructed loading device. The longest test included 2 × 10 9 cycles and it was stopped without breakage of the sample. Tests were run both at strain and force control. The strain-controlled tests produced consistent data and are recommended for the future testing of the high frequency long-term behavior of the MSM alloys.
The results indicate that MSM elements are very stable in cyclic loading applications. It seems that the use of displacement (or strain) control generally provides more stability than the load control, due to the evolution of the MSM material microstructure. Especially important for the implementation of high-cycle applications is that any mechanical deformation or wear of the MSM element surface should be minimized.
The martensite transformation temperatures and the Curie point of the tested material were not markedly influenced by the long-term cycling. The dynamic stiffness of the material started to increase already after about 10 6 cycles. This was associated with the reduction of the twin width and the activation of new mobile regions in the sample. In the strain-controlled mode the twinning stress remained relatively constant. Magnetic-field-induced strain of the material did not decrease from the theoretical maximum value during the cycling confirming that the full sample length acts as a MSM element. It was shown that when surface wear was eliminated, the performance of the MSM element was clearly improved. This emphasizes the importance of avoiding any surface deformation hindering the twin boundary motion.
The samples exhibited occasionally some small preexisting cracks. These cracks were found, depending on their orientation in respect of the applied stress, sometimes to act as a starting point for fatigue crack growth. During cycling quite regular crack patterns were formed on the surface of the samples consisting of microcracked voids along the traces of twin boundaries at the surface. In a microscopic scale the fracture propagated in a step-like manner at least partly along crystallographic planes. The steps at the fracture plane correspond to the {101} twin planes, the height of steps along 101 direction. Macroscopic cracking occurs roughly in 45
• angle (i.e. along the {111} plane) in respect to the direction of applied load. This behavior led to the arrow-like macroscopic fracture surface in the cracked samples. The final cracking took place in the brittle manner.
